To enhance avalanche ionization, we designed a new separate absorption and multiplication AlGaN solar-blind avalanche photodiode (APD) by replacing the conventional AlGaN homogeneous multiplication region with a high/low Al content AlGaN heterostructure layer. The calculated results showed that the improved APD with the Al 0.3 Ga 0.7 N/Al 0.45 Ga 0.55 N heterogeneous multiplication region exhibits 51% higher gain than that of the conventional APD, benefiting from the six times higher hole ionization coefficient of Al 0.3 Ga 0.7 N, compared to that of Al 0.45 Ga 0.55 N. Furthermore, we inserted an intermediate n-type AlGaN charge layer into the heterogeneous multiplication region to obtain superior performance by finely controlling the electric field distribution. The dependence of breakdown voltage and multiplication gain on the Al content, doping concentration, and thickness of the charge layer is studied in detail to get the optimal structure. Meanwhile, the solar-blind characteristic is also taken into account when optimizing the APD structure.
Introduction
Avalanche photodiodes (APDs) based on III-nitrides have attracted increasing attention due to their excellent potential in offering high-sensitivity visible-or solar-blind detection [1] . APDs are being heavily researched for applications in flame and missile plume detection, chemical and biological sensing, covert space-to-space communication, and astronomical studies [2] . AlGaN APDs provide natural filters with tunable cutoff wavelengths, making it possible to detect very weak ultraviolet (UV) signals under strong background radiation without costly and efficiencylimiting optical filters. Photomultiplier tubes (PMTs) are the earliest high-sensitivity UV detectors with large internal gain (>10 6 ). However, these detectors are bulky and fragile and require large biases (>1000 V) to operate effectively [3] . With smaller volume and faster response, AlGaN APDs emerge as a promising candidate to overcome the above-mentioned drawbacks and improve the integration and reliability of UV detectors [4] .
Great strides have been made in the realization of visible-blind GaN APDs [5] , and even singlephoton detection capabilities have been demonstrated under Geiger mode operation [6] . However, the research on AlGaN APDs lags far behind that on GaN APDs [1] . It is ascribable to the difficulties such as high dislocation densities and low p-type doping efficiency that high Al content AlGaN alloys are suffering from [7] . Another important factor that resulted in severe degradation in performance is the quick decrease of the impact ionization coefficients as Al content in AlGaN alloys increases [8] .
In this paper, 2-D numerical simulations are performed to investigate the gain characteristics of back-illuminated separate absorption and multiplication (SAM) AlGaN APDs. The conventional AlGaN homogeneous multiplication region [9] - [11] is replaced by a high/low Al content AlGaN heterostructure layer to enhance the hole impact ionization coefficients as well as the multiplication gain. Furthermore, an intermediate n-type charge layer is inserted into the heterogeneous multiplication region to finely control the electric field distribution. The dependence of breakdown voltage and multiplication gain on the n-type charge layer is studied in detail. Finally, an optimal SAM AlGaN APD structure with superior performance and a good solar-blind characteristic is proposed.
Device Structure and Simulation Models
The conventional back-illuminated SAM AlGaN APD consists of an 800-nm-thick n-type Al 0.5 Ga 0.5 N layer, a 180-nm-thick i-Al 0.45 Ga 0.55 N absorption layer, a 60-nm-thick n-type Al 0.45 Ga 0.55 N layer, a 180-nm-thick i-Al 0.45 Ga 0.55 N multiplication layer, and a 180-nm-thick p-type Al 0.3 Ga 0.7 N layer from bottom to top. The structure of the improved APD is similar to the conventional one, except for the multiplication layer, which is replaced by a high/low Al content AlGaN heterostructure, as shown in Fig. 1 . The total thickness of the high/low Al content AlGaN heterostructure multiplication region is set to 180 nm. For both APD structures, the hole-doping concentration for the p-type layer is 1 × 10 18 cm −3 , and the electron-doping concentrations for the n-Al 0.45 Ga 0.55 N and n + -Al 0.5 Ga 0.5 N layers are 1 × 10 18 and 2 × 10 18 cm −3 , respectively. The intrinsic layers are unintentionally doped with a residual electron concentration of 1 × 10 16 cm −3 . Steady 2-D numerical simulations are performed for the back-illuminated AlGaN SAM-APDs using Silvaco Atlas software. The calculated physical model and the parameters are the same as our previous work [12] , except for the ionization coefficients, which are extracted from [13] . 
Results and Discussions
The thickness of the Al 0.3 Ga 0.7 N layer in the heterostructure multiplication region is adjusted from 30 to 60 nm in 10 nm steps. Fig. 2 presents the electric field distribution of the improved structure as a function of the thickness under a reverse bias of 105 V. As observed, the electric field intensities of the heterogeneous multiplication region increase slightly in the Al 0.45 Ga 0.55 N layer and decrease significantly in the Al 0.3 Ga 0.7 N layer compared to the conventional APD (green curve), which resulted from polarization electric field (E p ) induced by negative polarization charges at the interface of the Al 0.3 Ga 0.7 N/Al 0.45 Ga 0.55 N layer [14] , [15] . The polarization electric field in the Al 0.45 Ga 0.55 N layer (E p1 ), which is in the same direction as the reverse bias (E e ), can slightly strengthen the electric field intensity. Reversely, the polarization electric field in the Al 0.3 Ga 0.7 N layer (E p2 ), which is in the opposite direction of E e , can significantly weaken the electric field intensity. The increase in the Al 0.3 Ga 0.7 N layer thickness increases the E p1 , which strengthens the electric field intensity in the Al 0.45 Ga 0.55 N layer, and decreases the E p2 , which weakens the reverse electric field intensity in the Al 0.3 Ga 0.7 N layer, as shown in Fig. 3 . As a result, the total electric field intensities rise monotonically in both i-Al 0.3 Ga 0.7 N and i-Al 0.45 Ga 0.55 N layers with the increasing Al 0.3 Ga 0.7 N layer thickness.
The avalanche breakdown voltage and maximum multiplication gain of AlGaN APDs as a function of Al 0.3 Ga 0.7 N layer thickness are presented in the inset of Fig. 2 . The multiplication gain (M) is calculated using (1), where I ML and I MD are the multiplied light and dark currents and I L and I D are the unmultiplied light and dark currents, respectively [1] . The unmultiplied current is evaluated from the average value of the currents from 0 to 60 V.
The avalanche breakdown voltage decreases monotonically from 110.3 to 109.8 V with increasing Al 0.3 Ga 0.7 N layer thickness, which is the inevitable result of the increasing electric field intensities in both i-Al 0.3 Ga 0.7 N and i-Al 0.45 Ga 0.55 N layers. However, the maximum multiplication gain first increases and then decreases with increasing Al 0.3 Ga 0.7 N layer thickness, having a peak value of 1.16 × 10 5 at the thickness of 50 nm, which is 51% higher than that of the conventional APD. Naturally, the optimal thickness for the Al 0.3 Ga 0.7 N and Al 0.45 Ga 0.55 N layers is 50 and 130 nm, respectively.
Fine Control of the Electric Field Distribution
For Al 0.3 Ga 0.7 N/Al 0.45 Ga 0.55 N heterogeneous multiplication structure, the electric field intensity in the Al 0.3 Ga 0.7 N layer is significantly lower than that in the Al 0.45 Ga 0.55 N layer, as is shown in Fig. 2 . Considering the fact that the hole ionization coefficient of the Al 0.3 Ga 0.7 N is six times higher than that of the Al 0.45 Ga 0.55 N [13] , it will enhance average avalanche ionization coefficient of the heterogeneous multiplication region by strengthening the electric field intensity in the Al 0.3 Ga 0.7 N layer. So we proposed a novel SAM AlGaN APD structure by inserting an intermediate n-type AlGaN charge layer into the heterogeneous multiplication region to redistribute the electric field. The Al content (C cha ), doping concentration (N cha ), and thickness (T cha ) of the AlGaN charge layer are the three key parameters for the optimization of this novel structure, which are investigated as follows:
1) We adjust the Al content of the AlGaN charge layer (C cha ) from 0.30 to 0.45 in 0.05 steps, with fixed concentration and thickness of 1 × 10 18 cm -3 and 20 nm, respectively. Fig. 4 (a) presents the vertical distribution of electric field under a reverse bias of 105 V. To shed light on the specific contribution of polarization field, the electric distribution without taking the polarization effect into account is also attached as a reference (green curve). It is worthwhile to notice that the electric field distribution without polarization field remains unchanged, regardless of the change of the C cha . Fig. 5 . With the increase of C cha , E p1 , which strengthens the electric field intensity in the i-Al 0.45 Ga 0.55 N layer, will gradually reduce to zero; whilst E p2 , which weakens the electric field intensity in the i-Al 0.30 Ga 0.70 N layer, will increase monotonically; and E p3 , will decrease and reverse finally. As a result, the increase of C cha strengthens the electric field intensity in the charge layer and weakens the electric field intensity in both the i-Al 0.3 Ga 0.7 N and i-Al 0.45 Ga 0.55 N multiplication layers.
The calculated avalanche breakdown voltage increases monotonically from 109.2 to 112.5 V with increasing C cha , which is the inevitable result of the decreasing electric field intensities in both Al 0.3 Ga 0.7 N and Al 0.45 Ga 0.55 N multiplication layers. However, the maximum multiplication gain first increases and then decreases with increasing C cha , having a peak value of 1.34 × 10 5 at the Al content of 0.35. Naturally, the optimal C cha is 0.35.
2) We adjust the concentration of the AlGaN charge layer (N cha ) from 1 × 10 18 to 4 × 10 18 cm -3 in 1 × 10 18 cm -3 steps, with fixed Al content and thickness of 0.35 and 20 nm, respectively. Fig. 4(b) presents the vertical distribution of electric field under a reverse bias of 105 V. The increased N cha strengthens the built-in electric field (E i ) in the Al 0.3 Ga 0.7 N layer, which is in the same direction as the reverse bias (E e ). As a result, the increase of N cha strengthens the electric field intensity in the Al 0.3 Ga 0.7 N layer and weakens the electric field intensity in the Al 0.45 Ga 0.55 N layer. However, the increased N cha accelerates the extending of the depletion region toward the p-type layer, which will result in huge dark current and premature breakdown. Moreover, excessive doping makes it difficult to deplete the n-type charge layer, degenerating the SAM structure into a simple p-i-n structure. Compromise should be made between the electric field intensity in the Al 0.3 Ga 0.7 N layer and the stability of device. The calculated avalanche breakdown voltage decreases monotonically from 110.9 to 83.7 V with increasing N cha , which is the result of the increasing electric field intensity in the Al 0.3 Ga 0.7 N layer. However, the maximum multiplication gain first increases and then decreases and reaches its peak of 1.60 × 10 5 at the concentration of 2 × 10 18 cm -3 . Naturally, the optimal N cha is 2 × 10 18 cm -3 . 3) We adjust the thickness of the AlGaN charge layer (T cha ) from 10 to 30 nm in 5 nm steps, with fixed concentration and Al content of 2 × 10 18 cm -3 and 0.35, respectively. The increased T cha , which plays a similar role as N cha , strengthens the electric field intensity in the Al 0.3 Ga 0.7 N layer and weakens the electric field intensity in the Al 0.45 Ga 0.55 N layer. The calculated avalanche breakdown voltage decreases monotonically from 119.0 to 100.2 V with increasing T cha , which is the result of the increasing electric field intensities in the Al 0.3 Ga 0.7 N layer. However, the maximum multiplication gain first increases and then decreases and reaches its peak of 1.60 × 10 5 at the thickness of 20 nm. Naturally, the optimal T cha is 20 nm. The schematic structure of the optimal AlGaN APD is presented in the inset of Fig. 6 . By optimizing the above three key parameters, the intermediate n-type charge layer can further enhance the multiplication gain by 38% compared to the improved structure. Moreover, the multiplication gain of the optimal structure under illumination of 300 nm is also simulated to verify its solar-blind characteristic. The calculated maximum multiplication gain is 2.76 × 10 3 , about two orders of magnitude lower than that of 276 nm, meaning that the optimal structure still remains a good solar-blind characteristic. Fig. 6 presents the vertical distribution of electric field at the voltage point with maximum multiplication gain for the conventional and optimal AlGaN APD structures. Fig. 7 presents the reverse bias I-V characteristics and multiplication gain for the conventional and optimal AlGaN APD structures in dark and under illumination of 275 nm. The maximum multiplication gain of the optimal structure increases by an amount of 108%, from 7.68 × 10 4 for the conventional APD at -104.14 V to 1.60 × 10 5 for the optimal APD at -107.21 V.
Conclusion
In this paper, 2-D numerical simulations are carried out to demonstrate the improved performance that benefits from the use of a heterogeneous multiplication region and an n-type charge inserting layer. The improved APD structure with an Al 0.3 Ga 0.7 N/Al 0.45 Ga 0.55 N heterogeneous multiplication region instead of the conventional homogeneous region exhibits about 51% higher multiplication gain in comparison to the conventional APD. An intermediate n-type charge layer was inserted into the heterogeneous multiplication region to finely control the electric field distribution. Finally, the optimized structure is obtained with an about 108% higher multiplication gain, in comparison to the conventional APD.
